An amorphous phase was formed for (Fe 0:75 Pt 0:25 ) 100Àx B x (x ¼ 25 and 30) alloys by melt-spinning. Their crystallization temperature were 671 and 667 K, respectively. The amorphous alloys exhibited good soft magnetic properties. The crystallized structure consisted of 1 -FePt (fct), Fe 2 B and -FePt (fcc) phases, and their average grain sizes were about 15 nm after annealing at 785 K for 900 s. The remanence (B r ), reduced remanence (M r =M s ), coercivity (iH c ) and maximum energy product ðBHÞ max were 0.96 T, 0.83, 340 kA/m and 102.2 kJ/m 3 , respectively, for the 25 at%B alloy, and 0.91 T, 0.82, 368 kA/m and 96.5 kJ/m 3 , respectively, for the 30 at%B alloy. The reversible demagnetization loop behavior was also confirmed. Consequently, the good hard magnetic properties are interpreted as resulting from exchange magnetic coupling among nanoscale hard 1 -FePt and soft Fe 2 B and -FePt magnetic phases.
Introduction
Magnetism in Fe-Pt alloys has attracted considerable interest because of the possibility of fabricating high performance permanent magnets, [1] [2] [3] [4] [5] [6] resulting from an ordered tetragonal FePt phase (fct 1 -FePt) with a very high magnetic crystalline anisotropy (K ¼ 7 MJm À3 ). 7) Recently, special attention has been paid to Fe-Pt nanocomposite magnets. Bulk Fe-Pt nanocomposite magnets were made by casting and then annealing at 1598 K, 8) while Fe-Pt nanocomposite films were prepared by sputtering and then rapid annealing. 9) It is noted that those nanocomposite magnets exhibit good hard magnetic properties. 8, 9) In these nanocomposite magnets, the sizes of both hard and soft magnetic phases are in the nanoscale range so that the magnetic moments of adjacent grains are exchange-coupled, leading to an enhanced energy product. 10) Various production techniques such as melt spinning, [11] [12] [13] mechanical alloying [14] [15] [16] sputtering, 9, 17) and casting 8, 18) now have provided an ample scope for fabrication of nanocomposite magnets. Among the above-mentioned techniques, the melt-spinning is useful for preparation of nanocomposite materials because the amorphous structure in the melt-spun ribbons can be easily crystallized to nano-sized grains by subsequent heat treatment. However, there has been no report on the fabrication of Fe-Pt nanocomposite alloys having good hard magnetic properties from an amorphous phase obtained by melt quenching. The absence of eutectic point over the entire composition range in Fe-Pt binary alloy system hinders the formation of amorphous ribbons from the melt. 19) This problem can be solved by the application of the three component rule 20, 21) which is well known for fabrication of bulk amorphous alloys. According to this rule, the addition of the third element to the Fe-Pt binary alloy is expected to result in the formation of an amorphous phase.
The Fe-Pt binary alloys with the harder magnetic performance have been obtained in a higher Pt content range over 38 at%Pt. 2, 6, 22) The high Pt contents lead to high materials cost. For extension of their applications fields, it is important to reduce Pt content without detriment to good hard magnetic properties. Recently, we have reported that a nanoscale mixed structure with amorphous and -FePt (fcc) phases was formed in the melt-spun Fe 80Àx Pt x B 20 (x ¼ 20, 22, 24) alloy ribbons, the subsequent annealing treatment causes the synthesis of a nanocomposite structure containing the 1 -FePt (fct) phase with good hard magnetic properties. 23) This paper presents the formation, thermal stability, crystallized structure and magnetic properties of the Fe-Pt-B amorphous alloys with low Pt concentrations below 20 at% and high B concentrations over 25 at%. The reason for the formation of an amorphous phase in the Fe-Pt-B alloys is also discussed.
Experimental Procedure
Alloy ingots with compositions of (Fe 0:75 Pt 0:25 ) 100Àx B x (x ¼ 15{35) were prepared by arc melting the mixtures of pure Fe (99.99 mass%), Pt (99.9 mass%) and boron (99.5 mass%) in an argon atmosphere. The ingot was crushed into small pieces to fit in the size of a quartz crucible for melt spinning. The nozzle diameter of the crucible was about 0.5 mm. Ribbons were produced by melt spinning at a wheel with circumferential speed of 45 m/s in an argon atmosphere. These ribbons were sealed in a quartz tube, evacuated to 2 Â 10 À3 Pa and then isothermally annealed for 900 s at 673-873 K. The structure of the ribbons was examined by X-ray diffraction (CuK) and transmission electron microscopy (TEM). Thermal stability was investigated under an Ar atmosphere at a heating rate of 0.67 K/s by differential scanning calorimetry (DSC). Magnetic properties were measured by a vibrating sample magnetometer (VSM) under a maximum applied magnetic field of 1274 kA/m or a superconducting quantum interference device (SQUID) magnetometer with a maximum applied magnetic field of 1600 kA/m. The coercive force of the Fe-Pt-B ribbons in asspun state was measured with a B-H loop tracer. The density of the Fe-Pt-B alloy ribbons was determined by the Archimedean method using toluene. No any data on the formation of an amorphous phase have been reported for Fe-Pt binary alloys. Consequently, it is said that the Fe-Pt-B ternary alloys have higher amorphousformation ability which exceeds significantly that of the FePt binary alloys. The reason can be discussed in the framework of the three component rules 20, 21) for the achievement of high amorphous-formation ability. The three empirical rules are (1) multicomponent consisting of more than three elements, (2) significant atomic size difference above 12%, and (3) negative heats of mixing among their main elements. In the Fe-Pt-B system, their atomic sizes change in the order of Pt > Fe > B and the atomic size ratios are 1.10 for Pt/Fe, 1.30 for Fe/B and 1.42 for Pt/B. 24) In addition, the heats of mixing have been estimated to be À13 kJ/mol for Fe-Pt pair, À11 kJ/mol for Fe-B pair, À13 kJ/mol for Pt-B pair. 25) These data indicate that the three component rules are almost completely satisfied for FePt-B alloys. It is thus concluded that the addition of B to FePt alloys is effective for an increase in the amorphousformation ability, leading to the formation of an amorphous phase in the melt-spun (Fe 0:75 Pt 0:25 ) 100Àx B x (x ¼ 25 and 30) ribbons.
Results and Discussion
The as-spun amorphous alloys exhibit good soft magnetic properties. The saturation magnetization and the coercive force are 1.34 T and 9.73 A/m, respectively, for the 25 at%B alloy, and 1.27 T and 7.36 A/m, respectively, for the 30 at%B alloy. It is also expected that the crystallized Fe-Pt-B alloys include an 1 -FePt phase and exhibit good hard magnetic properties. Sroner-Wohlfarth model. 26) In addition, one can recognize that the nanostructure alloy exhibits reversible demagnetization curve which are characteristic for exchange-coupled type magnets. 10 ,27) Figure 6 shows the remanence (B r ), coercivity (iH c ), and maximum energy product ðBHÞ max as a function of annealing temperature for the 25 and 30 at%B alloys. As the annealing temperature increases, the B r monotonously decreases, while the iH c first increases steeply to 340 kA/m for the 25 at%B alloy and 368 kA/m for the 30 at%B alloy at 785 K, followed by a gradually increases. (Figs. 5, 6 ). This is presumably because the increase in B content accelerates the formation of 1 -FePt phase, 29) leading to the increase in coercivity increases. Although the coercivity of the 25 at%B alloy is lower than that of the 30 at%B alloy, the ðBHÞ max is larger for the 30 at%B alloy (Figs. 5, 6 ), indicating that the residual magnetization affects more significant influence on the maximum energy product of the Fe-Pt-B nanocomposite magnets, as compared with the coercivity. 
Conclusions

